Signaling events at membranes are often mediated by membrane lipid composition or membrane physical properties. These membrane properties could act either by favoring the membrane binding of downstream effectors or by modulating their activity. Several proteins can sense/generate membrane physical curvature (i.e. shape). However, the modulation of the activity of enzymes by a membrane's shape has not yet been reported. Here, using a cell-free assay with purified diacylglycerol kinase ⑀ (DGK⑀) and liposomes, we studied the activity and acyl-chain specificity of an enzyme of the phosphatidylinositol (PI) cycle, DGK⑀. By systematically varying the model membrane lipid composition and physical properties, we found that DGK⑀ has low activity and lacks acyl-chain specificity in locally flat membranes, regardless of the lipid composition. On the other hand, these enzyme properties were greatly enhanced in membrane structures with a negative Gaussian curvature. We also found that this is not a consequence of preferential binding of the enzyme to those structures, but rather is due to a curvature-mediated allosteric regulation of DGK⑀ activity and acylchain specificity. Moreover, in a fine-tuned interplay between the enzyme and the membrane, DGK⑀ favored the formation of structures with greater Gaussian curvature. DGK⑀ does not bear a regulatory domain, and these findings reveal the importance of membrane curvature in regulating DGK⑀ activity and acyl-chain specificity. Hence, this study highlights that a hierarchic coupling of membrane physical property and lipid composition synergistically regulates membrane signaling events. We propose that this regulatory mechanism of membrane-associated enzyme activity is likely more common than is currently appreciated.
The plethora of biological functions regulated by inositol phospholipids makes this lipid class one of the most important in cell physiology (1, 2) . Although most of the signaling events are mediated through the interaction with their headgroups, it has been demonstrated in an increasing number of cases that lipid properties are dependent on the whole lipid structure, including the nature of their acyl-chains (3) (4) (5) (6) (7) (8) . Indeed, in mammals, inositol phospholipids are normally enriched with specific acyl-chains, namely 1-stearoyl-2-arachidonoyl acyl-chains (6, 7) . The major metabolic pathway for the synthesis of phosphatidylinositol (PI) 3 and its phosphorylated forms is the PI cycle. This acyl-chain enrichment is in part accounted for by the specificity of the enzymes that catalyze steps within this cycle.
One of the steps of the PI cycle is the ATP-dependent phosphorylation of diacylglycerol (DAG) to produce phosphatidic acid (PA). In the cell, this reaction is catalyzed by diacylglycerol kinases (DGK). In mammals, there are 10 known DGK isoforms, and it has been proposed that DGK⑀ is the isoform responsible for catalyzing this reaction within the PI cycle (9, 10) . The enzyme when assayed in vitro using a mixture of phospholipid, detergent, and DAG (mixed micelles) exhibits a high degree of acyl-chain specificity for its DAG substrate, with 1-stearoyl-2-arachidonoyl glycerol (SAG) being the preferred substrate (11) . Among all DGK isoforms, DGK⑀ is the only one that bears this acyl-chain specificity, a property that was proposed to be due to the presence of an encoded conserved motif in the enzyme (12) . These acyl-chains are the same as those found in inositol phospholipids. It has been proposed that this enrichment is in part due to the action of DGK⑀. Indeed, lipidomic studies showed that in mouse embryonic fibroblasts knocked out for DGK⑀, inositol phospholipids presented a decrease in the content of arachidonate, indicating the significant role of DGK⑀ in enriching inositol phospholipids with this acyl-chain (10) .
DGK⑀ is the only isoform to be found permanently associated with a membrane. In a cell, it has been reported that the enzyme localizes to different membranes, viz. the plasma membrane (PM) and the endoplasmic reticulum (ER) (13, 14) . Contrary to most metabolic cycles, steps of the PI cycle span two different locations (membranes) within a cell, the PM and ER, the same membranes where DGK⑀ has been reported to be found. These two membranes have several different properties (i.e. lipid composition, thickness, and curvature). As DGK⑀ lacks a putative regulatory domain, we hypothesized that either DGK⑀ is constitutively active or it is regulated by the properties of the membrane it is bound to. To address this question, we chose to use a cell-free assay with purified DGK⑀ and liposomes. This strategy allowed us to systematically vary the membrane properties while avoiding complications coming from other levels of regulation (proteins, metabolites, posttranslational modifications, etc.). Moreover, with 10 known DGK isoforms and no isoform-specific inhibitor available, addressing this question in vivo or in a cell-based assay would be challenging.
We demonstrate that both the specific activity and substrate acyl-chain specificity of DGK⑀ are dependent on the shape of the membrane to which the protein binds. Only in highly curved membranes, such as those found in membrane fusion intermediates or at junctions between membranes of different morphologies, such as sheets and tubes, can the enzyme participate in the PI cycle. Our results indicate that this is not likely to occur in stable regions of either the ER or the PM, but rather at the junction between these two organelles where highly curved membrane structures have been reported.
Results

Marked differences in DGK⑀ activity and acyl-chain specificity between mixed micelles and liposomes
Both the lipid substrate (DAG) and product (PA) of the DGK⑀-catalyzed reaction have low water solubility. Until now, DGK⑀ activity assays have always been performed using mixed micelles (11, (15) (16) (17) . However, these structures do not represent biological membranes, and it is difficult to systematically vary their physical properties. Using purified DGK⑀ we can now, for the first time, assay the kinase activity and acyl-chain specificity in liposomes and compare the results with those using mixed micelles ( Fig. 1) .
In mixed micelles, purified DGK⑀ activity as a function of DAG mol % showed Michaelis-Menten kinetics with clear differences between the enzyme's preferred substrate (SAG) and a nonpreferred substrate (1,2-dioleoyl-sn-glycerol; DOG), in agreement with the literature (Fig. 1A) (11, 18) . For DGK⑀ to catalyze the phosphorylation of DAG in liposomes, the enzyme must first translocate to the membrane. The purified enzyme spontaneously binds to liposomes (Fig. 1B) . In the presence of 20 mol % 1-palmitoyl-2-oleoyl phosphatidylethanolamine (POPE), there is a ϳ5-fold increase in enzyme binding compared with POPC liposomes; however, there is little change in the specific activity of the enzyme. Evaluation of purified DGK⑀ activity as a function of DAG mol % in 20 mol % POPE liposomes prepared as large unilamellar vesicles (LUVs) showed marked differences from mixed micelles (Fig. 1C ). In this system, the enzyme also exhibited Michaelis-Menten kinetics; however, the activity and acyl-chain specificity were much lower than those observed in mixed micelles (note the difference in y axis scale).
To quantitatively assess the differences observed between the mixed micelles and liposomes, we calculated the kinetic parametersK m (theMichaelis-Mentenconstant,whichisameasure of the dissociation constant of the enzyme-substrate complex), k cat (the catalytic rate constant, which is a measure of the enzyme turnover), and k cat /K m (the pseudo-first order rate constant at low substrate concentration, which is a measure of the enzyme catalytic efficiency) for SAG and DOG (Table 1) . In mixed micelles, the data showed similar values of K m for SAG and DOG, whereas k cat and k cat /K m were found to be about 5-fold and 7-fold higher, respectively, for SAG compared with DOG. These results suggest that in mixed micelles, the enzyme has a similar affinity for both substrates. However, it converts (Table 1) . D, acyl-chain specificity (the ratio between the activity for SAG and DOG, SAG/DOG; -fold) for liposomes with different lipid compositions (ER and PM bear a lipid mixture comprising the major phospholipids found in those membranes at their respective molar ratio. PO refers to POPC/POPE/DAG (30:60:10; mol/mol/mol)). Data are presented as a box plot including data of three independent experiments for all lipid compositions, except PO, for which data of nine independent experiments are presented. n.s., not significant. These results were obtained using a final total lipid concentration of 5 mM at pH 7.2. Data in A and C are presented as mean Ϯ S.D. (error bars) and are representative of three independent experiments.
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SAG into product more rapidly than DOG, in agreement with previous results (11, 18) .
In LUVs, the data yielded K m values on average 3-fold smaller for SAG compared with DOG, showing that the enzyme bears increased affinity for SAG over DOG (Table 1 ). However, the enzyme turnover (k cat ) was found to be similar between both substrates and ϳ8-fold smaller when compared with the values found in mixed micelles when SAG was used as a substrate. These results showed a lower enzymatic activity and no large acyl-chain specificity in LUVs. As a result of a considerably smaller k cat , the catalytic efficiency (k cat /K m ) was found to be ϳ23-fold smaller than that observed for mixed micelles when SAG was the substrate.
The marked differences in kinase activity between mixed micelles and liposomes suggested that DGK⑀ is weakly active and bears no large acyl-chain specificity in a cell membrane. Hence, we decided to evaluate whether the low activity and acyl-chain specificity depended on the lipid composition. We measured the enzyme activity and acyl-chain specificity for a variety of lipid compositions from simple ones (DOPC, POPC, and POPC/POPE (1:2)) to more complex ones (mixtures of six or seven lipids chosen to represent the lipid composition of the ER or the PM membranes at their respective molar ratio (19)). The results showed that the enzyme presents low activity (not shown) and acyl-chain specificity ( Fig. 1D ) regardless of the liposome composition. These data suggested that the enzyme is weakly active and lacks acyl-chain specificity in a cell membrane regardless of its lipid composition.
Membrane global morphological changes enhance DGK⑀ kinase activity and acyl-chain specificity
As the lipid composition does not modulate DGK⑀ activity and acyl-chain specificity, we decided to further investigate whether other membrane properties could regulate the enzyme function. The preferred binding of DGK⑀ to PE-containing liposomes suggested that PE might play a role in DGK⑀ activity and acyl-chain specificity. To evaluate the effect of PE on the kinase activity of purified DGK⑀, we measured the enzyme activity in LUVs as a function of PE mol % for two molecular species of PE, namely POPE and 1,2-dioleoyl phosphatidylethanolamine (DOPE), using their phosphatidylcholine counterparts as the host lipid (POPC and DOPC). These two PE molecular species bear different intrinsic tendencies to bend (20) . Hence, if membrane intrinsic curvature plays a role in DGK⑀ activity, we would observe divergent lines as we increase the mol % of POPE versus DOPE (21) .
The activity of the enzyme was essentially constant, and the curves for both PE molecular species were overlapped as we increased the PE content from 0 to 45 mol %, indicating that membrane intrinsic curvature does not play a role in DGK⑀ activity ( Fig. 2A ). However, at 60 mol % PE, an 18-fold increase in DGK⑀ activity was observed for liposomes prepared with lipids bearing 1,2-dioleoyl (DO) acyl-chains compared with lipids bearing 1-palmitoyl-2-oleoyl (PO) acyl-chains. To better understand the mechanism of this large increase in DGK⑀ activity, we first measured the binding of the enzyme to liposomes prepared with 60 mol % POPE (Fig. 2B ). We did not succeed in measuring the enzyme binding to liposomes prepared with 60 mol % DOPE because this lipid mixture could not readily be separated from the aqueous phase by centrifugation. The results with the 60 mol % POPE lipids showed that on average, 62% of the enzyme was bound when SAG was the substrate and ϳ3-fold less when DOG was the substrate. The fact that a large fraction of the enzyme was bound when SAG was the substrate suggested that the lower activity observed with 60 mol % POPE compared with DOPE cannot be accounted for by only a difference in membrane binding of the enzyme.
Intrinsic curvature refers to the curvature a lipid monolayer would acquire if it was not constrained to be a bilayer. The term "negative" is an arbitrary term used to distinguish the curvature in which the monolayer curves around the lipid headgroup from the opposite type of curvature (i.e. "positive"), in which the monolayer curves around the lipid acyl-chain. As a measure of the membrane intrinsic negative curvature, the lamellar-tohexagonal phase transition temperature for DOPE is ϳ4°C, whereas that for POPE is ϳ70°C (22) . Hence, we hypothesized that the large content of DOPE (60 mol %) in the sample could lead to a physical membrane bending, resulting in a change of morphology of the lipid aggregate. This change in shape of the model membrane could explain the observed differences in enzyme activity. Dynamic light scattering (DLS) measurements showed that the 60 mol % POPE sample had a hydrodynamic diameter of ϳ92 nm, which was determined by the extrusion procedure of sample preparation. In contrast, the 60 mol % DOPE sample, even after 10 cycles of extrusion, presented lipid aggregates with a hydrodynamic diameter ranging from 700 to 1750 nm (Fig. S1 ). These data suggested that the 60 mol % DOPE sample changed the lipid aggregated morphology from a lipid vesicle to a large, aggregated inverted phase. To evaluate this, we studied phase behaviors of these lipid systems by acquiring their static 31 P NMR spectra. Measurements of the static 31 P NMR powder patterns provide a well-established method to assess the shapes of membrane phases (23) . The static 31 P NMR spectrum of the 60 mol % POPE aqueous dispersion sample showed a powder pattern with intense peaks in the upfield region ( Fig. 2C ). This spectral line shape is characteristic of lipids assembled as a lamellar phase (bilayer), which represents a locally flat membrane in relation to the size of the enzyme and its membrane binding platform. On the other hand, the static 31 P NMR spectrum of the 60 mol % DOPE sample showed a mixture of different types of overlapping powder patterns containing intense isotropic and downfield peaks along with upfield peaks corresponding to the lamellar phase ( Fig. 2D) . The presence of the powder patterns with the isotro- Table 1 Comparison of the the kinetic parameters of purified DGK⑀ between mixed micelles and liposomes K m is the Michaelis-Menten constant (mol %). k cat is the catalytic rate constant (s Ϫ1 ). k cat /K m is the pseudo-first order rate constant at low substrate concentrations (s Ϫ1 mol % Ϫ1 ). These parameters were obtained by the fitting of the corresponding kinetic curves with Equation 2. The results are presented as the mean Ϯ S.E. (n ϭ 3).
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pic and downfield peaks evinced the presence of highly curved nonlamellar structures in this sample as we expected. The isotropic and downfield peaks are ascribed to bicontinuous cubic and inverted hexagonal (H II ) phases, respectively (23) . Finally, to test whether the lack of enhancement in activity was because of the absence of highly curved nonlamellar structures, we acquired static 31 P NMR of the aqueous dispersion of the 45 mol % DOPE sample, for which we did not observe changes in enzymatic activity ( Fig. 2A) . Indeed, the spectrum showed a powder pattern typical of a lamellar phase ( Fig. 2E ). These results indicated that the enzyme has low enzymatic activity in the presence of locally flat bilayers and that the presence of the highly curved structures greatly enhances its activity. The finding that highly curved membranes greatly enhanced DGK⑀ activity led to the question whether this would also enhance its acyl-chain specificity, an important property for its function within the PI cycle. In Fig. 2F , we compare the enzyme acyl-chain specificity between a locally flat (60 mol % POPE) and a highly curved (60 mol % DOPE) membrane. The data showed that the acyl-chain specificity was increased on average 11-fold in the presence of highly curved nonlamellar structures (60 mol % DOPE) compared with locally flat membranes (60 mol % POPE). It is important to mention that the lipid morphology of the 60 mol % PE samples were qualitatively similar regardless of whether the substrate was SAG or DOG based on their static 31 P NMR spectra ( Fig. 2C and Fig. S2A for 60 mol % POPE and Fig. 2D and Fig. S2B for 60 mol % DOPE). This result demonstrates that different DAGs do not markedly affect the membrane morphology. Therefore, it is the presence of highly curved membrane structures on the 60 mol % DOPE sample that endow DGK⑀ with the ability to discriminate the nature of the acyl-chain of its lipid substrate.
We also monitored the role of membrane curvature by using liposomes of varied size. The spherical shape of liposomes means that the outer monolayer has positive mean curvature. The liposomes also have the shape of a sphere, which means that the Gaussian curvature is also positive (i.e. the curvatures at right angles to each other have the same signs). As the liposomes get smaller, the outer monolayer to which the enzyme binds acquires greater positive mean as well as Gaussian curva- 
tures. This results in lower activity of DGK⑀ (Table S1 ). DOPE is a lipid with strong intrinsic negative curvature, and the results presented above showed that greater negative membrane curvature supports higher enzyme activity. The results with LUVs of different sizes show that positive curvature has the opposite effect on enzyme activity (i.e. inhibition), independently supporting the conclusion of high curvature as a mechanism to modulate DGK⑀ activity.
DGK⑀ presents enhanced activity and acyl-chain specificity in a pure cubic phase
As shown above, the DGK⑀ activity and acyl-chain specificity are markedly increased in the presence of highly curved nonlamellar structures. However, the morphology of the 60 mol % DOPE sample was fairly complex based on the static 31 P NMR spectrum with the presence of a cubic and hexagonal phase in addition to the lamellar one. Hence, we decided to further investigate whether these properties of activity and acyl-chain specificity also increased in lipids having only a single inverted phase with cubic or hexagonal symmetry. A comparison of enzyme activity between DOPE (H II phase) and DOPC (lamellar phase) showed no large differences in the low kinase activity observed (not shown).
We then compared the activity of the enzyme between a locally flat membrane and a pure cubic phase. It is known that DAG can induce a bilayer-to-cubic phase transition in certain conditions (24) . Because the 60 mol % DOPE sample presented a cubic phase component, we attempted to fully transition this sample to a pure cubic phase by thermal cycling. The static 31 P NMR spectrum of the 60 mol % DOPE sample after being heated at 70°C for 10 min and recooled to room temperature is presented in Fig. 3A . The spectrum is a single isotropic peak, consistent with the lipid being a pure cubic phase. However, there are other structures that could give rise to an isotropic peak in the 31 P NMR spectrum, such as small lipid aggregates and/or micelles. Hence, to confirm the presence of a cubic phase in this sample, we employed small-angle X-ray diffraction (Fig. 3B ). The two-dimensional reciprocal space map of this sample is presented in the top panel. The diffraction data are characterized by a pattern of diffraction lines indicating a cubic phase with Pn3m symmetry (bottom panel). There are no other diffraction lines, in agreement with the 31 P NMR that showed a single isotropic peak. It is important to mention that this version of a cubic phase has been associated with membrane fusion events (25) .
A comparison of the DGK⑀ kinase activity in the presence of 60 mol % POPE and 60 mol % DOPE is presented in Fig. 3C . For the latter, a fresh sample was compared with one that had been heated to 70°C for 10 min, which we showed by NMR and X-ray diffraction is a pure cubic phase. The data showed that the enzyme is able to catalyze its reaction in a pure cubic phase. Most importantly, when compared with a locally flat bilayer (60 mol % POPE) the activity was on average 9-fold higher in the pure cubic phase (heated 60 mol % DOPE). This large increase in activity is not caused by an increase in accessibility of the enzyme to the lipid surface, as there is a ϳ2-fold difference in activity measured using multilamellar vesicles (MLVs) compared with extruded LUVs (not shown). In addition, our DLS measurements indicate that the LUVs are indeed mostly unilamellar, and hence conversion to the cubic phase would not result in close to an order of magnitude increase in activity due to greater accessibility of the enzyme to the lipid surface in a cubic phase. These results showed that in a pure cubic phase, which presents highly curved membranes, the enzyme enhances its activity compared with a locally flat bilayer to values similar to those observed in the 60 mol % DOPE sample, which was the highest value measured. In addition to its higher activity in a pure cubic phase, the enzyme also retains acylchain specificity similar to those found for the fresh 60 mol % DOPE sample, which is the system with the highest acyl-chain specificity measured (Fig. 3D ).
DGK⑀ kinase activity and acyl-chain specificity are enhanced at sites of membrane fusion intermediates
Our finding that DGK⑀ retains its maximally observed activity and acyl-chain specificity in a pure cubic phase led us to investigate the likely biological relevance of this result. Recently, the high-resolution structure of cubic phases has been resolved by cryo-EM tomography (26) . The interface of this structure resembles intermediates that are often associated with membrane fusion phenomena (27, 28) . In addition, cubic phase with Pn3m symmetry has been associated with membrane fusion events (25) . Hence, we designed an experiment to evaluate whether the presence of membrane fusion intermediates could enhance DGK⑀ kinase activity as well as its acylchain specificity.
To address this question, we measured DGK⑀ kinase activity and acyl-chain specificity using a widely studied system of membrane fusion (i.e. the Ca 2ϩ -induced fusion of phosphatidylserine (PS)-containing liposomes) (29, 30) . As a control, we measured the addition of Ca 2ϩ to liposomes in the absence of PS. The results did not show any enhancement in enzyme activity ( Fig. 4A , 0 PS) or acyl-chain specificity (Fig. 4B , 0 PS) in liposomes without PS, showing that Ca 2ϩ by itself cannot account for changes in activity and acyl-chain specificity of the enzyme, as expected because of the absence of a Ca 2ϩ -binding motif in DGK⑀ structure. However, when the liposomes presented 40 mol % PS, incubation with Ca 2ϩ before the activity assays led to, on average, a 19-fold enhancement of DGK⑀ kinase activity (Fig. 4A, 40 mol % PS) and an 8-fold enhancement of acyl-chain specificity (Fig. 4B, 40 mol % PS). These values are similar to those observed for the 60 mol % DOPE sample and clearly showed that membrane fusion intermediates are sites of maximum DGK⑀ kinase activity and acyl-chain specificity.
DGK⑀ promotes membrane morphological changes
Finally, we studied whether the interaction of DGK⑀ with membranes induces morphological changes, based on measurements of static 31 P NMR of the aqueous dispersion of the lipid systems in the absence or presence of DGK⑀ (1:10,000 protein/ lipid molar ratio). The lipid systems studied were 60 mol % POPE (locally flat membrane) and 60 mol % DOPE (highly curved membrane) with SAG ( Fig. 5 ) or DOG (Fig. S3) .
The data showed that regardless of the substrate, the enzyme induced little or no change in a locally flat bilayer (60 mol % Membrane sites of high Gaussian curvature regulate DGK⑀ POPE; Fig. 5A and Fig. S3A ). However, in the 60 mol % DOPE sample, which presents highly curved nonlamellar structures, the enzyme induced large morphological changes even in a protein/lipid molar ratio as low as 1:10,000 ( Fig. 5B and Fig. S3B ). In the presence of the enzyme, normalization to the isotropic peak showed a relative decrease in both the downfield peak and the upfield peaks in the sample with the enzyme. These results showed that in systems that have the propensity to form the cubic phase, which bears highly curved nonlamellar structures, the enzyme favors the formation of this membrane structure, 
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relative to other phases. This effect was similarly observed either with SAG or DOG. It should also be noted that no ATP was added to the system, so that no reaction occurred, and no phosphatidic acid was formed during the NMR experiments. There were also no time-dependent changes in the spectral powder patterns. This finding of promotion of cubic phase formation has also been observed with viral fusion peptides/proteins (28, 31, 32) , again linking cubic phases and membrane fusion.
Discussion
With regard to lipid signaling within a cell, inositol phospholipids are frequently cited due to their role in a variety of cell physiology phenomena (1, 2) . In mammalian cells, inositol phospholipids are generally enriched with 1-stearoyl-2-arachidonoyl acyl-chains (6, 7) . This acyl-chain enrichment is in part believed to be due to the action of DGK⑀, an enzyme of the PI cycle, the major metabolic pathway for the synthesis of inositol phospholipids. DGK⑀ is the only mammalian isoform of DGK that has specificity for the acyl-chains of its substrates, a property that has been ascribed to an encoded motif in the enzyme (12) . However, the current work clearly demonstrates that this acyl-chain specificity is not solely dependent on the structure of the enzyme. By using a purified system with DGK⑀ and model membranes, where we systematically varied the properties of the membranes, we identified highly curved membranes as the minimum requirement to activate the enzyme. Most importantly, the enzyme only showed enhanced acyl-chain specificity in systems with highly curved membranes. As DGK⑀ lacks a putative regulatory domain, these data suggest that the enzyme is allosterically regulated by the curvature of the membrane to which the enzyme is bound as a major factor in controlling the activity and acyl-chain specificity of this enzyme. In the context of a cell, it is possible that there are additional factors resulting from the interaction of DGK⑀ with other proteins or cofactors. When it comes to enzymatic catalysis at the membrane-water interface, the modulation of enzymatic activity at curved membranes could occur either by a preferential binding of the enzyme to the curved membrane, which enhances its local concentration without actually changing its specific enzyme activity, or by the curved membrane acting as an allosteric regulator of the enzyme (34) . Our results clearly demonstrate that enzyme binding cannot explain the large difference observed between a locally flat (60% POPE) and highly curved membrane (60 mol % DOPE), supporting the conclusion that the enzyme is being allosterically regulated by the membrane curvature. These data suggest that within a cell, the enzyme works at a low basal level in locally flat membranes regardless of its lipid composition, and its function within the PI cycle is triggered by sites of highly curved membranes. For instance, in a cell, such highly curved membranes could be found at local sites where membrane fusion/fission takes place (Fig. 6 ).
There are many enzymes that function at membranes whose properties are modulated by membrane curvature (35) (36) (37) (38) (39) . Membrane curvature can be broadly divided into two categories (i.e. intrinsic membrane curvature and physical membrane curvature). Intrinsic membrane curvature describes the tendency of a lipid or lipid mixture to form curved structures. It depends on the attractive and repulsive forces between lipid molecules (i.e. to the lateral pressure profile of the lipids) (40, 41) . Several membrane-bound enzymes have their activity modulated by the intrinsic membrane curvature of the lipid molecules (35) (36) (37) (38) (39) (42) (43) (44) . In contrast, the physical curvature of the membrane is simply its shape, independent of its lipid constituents (45) . There are a variety of proteins that can sense and/or generate physical curvature (46). However, DGK⑀ is unique in being allosterically regulated by the physical curvature of the membrane, but not by the intrinsic membrane curvature. Support for the statement that the intrinsic membrane DGK⑀/lipid molar ratio was 1:10,000. Spectra were acquired at 25°C. Experiments were carried out at pH 7.2. The spectra in the absence of DGK⑀ (green) are reproduced from those shown in Fig. 2 , C and D, respectively, to better visualize the effect of DGK⑀ on the phase behavior of the lipid mixture. /fission event (B) . Both of these structures present a negative Gaussian curvature (i.e. the principle curvatures at right angles present opposite signs as indicated by blue (positive curvature) and red (negative curvature) arrows). The positive curvature is in a plane orthogonal to the plane of the paper, and the negative curvature is in the plane of the paper.
Figure 6. A cartoon depicting a saddle-like surface (A) and two membranes undergoing a fusion
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curvature has no effect comes from Fig. 2A , showing that the addition of DOPE, a lipid with strong intrinsic negative curvature, has no effect on activity up to 45 mol %, whereas the mixture is still a lamellar structure. In addition, Fig. 1D illustrates that a variety of lipids with different intrinsic curvatures, but all forming a lamellar structure, support similar activities of DGK⑀. On the other hand, DGK⑀ activity is driven by the presence of highly curved membranes with lipids arranged in a nonlamellar structure. It is not only the enzyme activity that is driven by highly curved membranes but, most importantly, its substrate acyl-chain specificity.
In particular, we have identified two types of lipid structures that allosterically regulate the enzyme activity and acyl-chain specificity: the cubic phase and membrane fusion intermediates. Cubic phases in zwitterionic membranes and membrane fusion intermediates in PS-Ca 2ϩ mixtures have little in common with each other, except that they both form similar kinds of highly bent structures (47, 48) . These bent structures correspond to regions of certain cubic phases that allow the joining of one unit cell with another or, in the case of PS-Ca 2ϩ , that forms the fusion pore between bilayers. These structures are described as having negative Gaussian curvature (i.e. a curvature, like a saddle point, in which the signs of the curvatures at right angles to each other are of opposite sign) ( Fig. 6) (45) . Many membrane active molecules can induce the formation of lipid structures with negative Gaussian curvature (28, 31, 32) . Based on the 31 P NMR evidence, DGK⑀ also favors the formation of these structures. However, to our knowledge, there has not been any report in the literature of the activity of an enzyme being allosterically regulated by this kind of curvature, which makes DGK⑀ unique in that regard. It is noteworthy that it is not only DGK⑀ activity that is allosterically regulated by this kind of curvature, but also its substrate acyl-chain specificity, an important property of the enzyme to function within the PI cycle. Gaussian curvature is known to be required for the formation of membrane fusion/fission intermediates, and it must be present in living cells at sites of membrane fusion/fission as well as other locations where planar bilayers are greatly affected by curvature (49) . This level of mechanistic insight would not be possible to demonstrate without the use of a cell-free system, as there are at least 10 known diacylglycerol kinase isoforms with currently no isoform-specific inhibitor. In addition, membranes with negative Gaussian curvature represent a small fraction of biological membranes and usually are formed in highly dynamic processes like membrane trafficking or fusion/fission events.
The PI cycle plays a role in several cell physiology phenomena (1, 2) . Of particular importance for the present study is membrane trafficking. Recent studies indicate a role played by DAG and PA in the regulation of membrane trafficking, which suggests that DGK can also play a role in this biological function (50) . Of all mammalian DGK isoforms, DGK⑀ is the one with the greatest likelihood to mediate membrane trafficking due to its role in the PI cycle. In the membrane-trafficking pathway, two morphologically similar, but oppositely ordered, membrane rearrangements take place: membrane fusion and fission (51) . It is interesting to note that membrane fusion intermediates are sites of maximum DGK⑀ kinase activity and acyl-chain specificity. Hence, our data suggest that DGK⑀ plays a role in membrane trafficking, shedding light on a proposed new biological function of DGK⑀.
In the PI cycle, reactions take place in two membranes (i.e. the PM and ER, which are the membranes where DGK⑀ has been reported to be found) (13, 14) . For proper cycle function, lipid intermediates need to be transported from one membrane to another in both directions. In particular, the movement of DAG and PA has been reported to occur through specific lipid carrier proteins that co-localize with PM-ER contact sites (52) . It is now becoming more evident that contact sites between membranes, where two distinct membranes are in close proximity to each other (ϳ10 -30 nm), within the cell are more common than first anticipated, including the presence of PM-ER contact sites (52) (53) (54) . PM-ER contact sites can adopt distinct shapes in a cell-specific manner or even within a cell type (55) (56) (57) (58) (59) . In addition, even for contact sites between the same two organelles, there can be sites containing different proteins and, therefore, having different functions (57) . For instance, only some of the contact sites between the ER and PM are enriched in the protein GRAMD2a (57) . GRAMD2a associates with PI lipids, and these contact sites are found at sites enriched in phosphatidylinositol 4,5-bisphosphate, suggesting that this contact site may be involved in the PI cycle. It is thus likely that DGK⑀ is present in these contact sites, which would locate the protein in a suitable environment to trigger its activity and acyl-chain specificity upon membrane morphological changes, tightly regulating the PI cycle. This proposition is consistent with the observation that in a biological membrane, DGK⑀ is not randomly distributed in the membrane but rather is present in discrete locations close to the PM (60, 61) . In the basal state, DGK⑀ would have low activity and low acyl-chain specificity, but upon stimulation, the enzyme would be activated at specific sites of the membrane having high negative Gaussian curvature. This activation would be transient.
By employing a cell-free system, we were able to show that DGK⑀ can be regulated only by the nature of the membrane it is bound to, specifically the shape of the membrane. To our knowledge, this mode of regulation of an enzymeЈs activity by the actual shape of the membrane to which it is bound, rather than to intrinsic membrane curvature, is the first example of such a regulatory mechanism. In membranes that present negative Gaussian curvature, the enzyme is activated as well as being able to differentiate the nature of the acyl-chains of its lipid substrate, an important property for its function within the PI cycle. In a fine-tune interplay with the membrane, DGK⑀ is not only allosterically regulated by the shape of the membrane it is bound to, but it also promotes the formation of curved membranes in systems that have the propensity to form those structures. These findings suggest that in a cellular context, DGK⑀ is functioning at a very low basal activity to catalyze the conversion of DAG to PA without acyl-chain discrimination in a locally flat region of the membrane. However, the enzyme actively engages in the PI cycle upon membrane global morphological changes, with a great likelihood of the enzyme playing a role in membrane trafficking. It is likely that in a cell environment, this regulation will be modified by other molecular components including proteins, other lipids, etc.
However, in addition to these modulating factors, the study described here demonstrates that a major regulatory factor is the shape of the membrane to which the enzyme binds. This type of enzyme regulation comes to light as a new, complementary, and synergistic mechanism for the regulation of membrane signaling phenomena.
Experimental procedures
Materials
All lipids used in this study were purchased from Avanti Polar Lipids (Alabaster, AL). Ni-NTA-agarose resin was from Qiagen (Germany). [␥-32 P]ATP was purchased from Perkin-Elmer Life Sciences. All reagents were used as received.
DGK⑀ overexpression and purification
Human full-length DGK⑀-His 6 was overexpressed in Sf21 insect cells using recombinant baculovirus for cell infection as described by Jennings et al. (62) . Enzyme was affinity-purified with Ni-NTA resin. Initial experiments were conducted using the purification procedure described by Jennings et al. (62) ; however, most of the studies used a slightly different protocol for enzyme purification, which yielded a more stable form of the purified enzyme upon freezing at Ϫ80°C for storage. Briefly, cell pellets overexpressing the enzyme were lysed using lysis buffer (20 mM Tris-HCl, pH 8, 500 mM NaCl, 20% (v/v) glycerol, 10 mM imidazole, 1 mM ␤-glycerophosphate, 1 mM activated sodium orthovanadate, 2.5 mM sodium pyrophosphate, a 1:1,000 dilution of Roche protease inhibitor mixture tablet in water, 2% (v/v) Triton X-100, 0.05% (v/v) ␤-mercaptoethanol), and the obtained lysate was clarified by centrifuging it at 13,000 ϫ g for 30 min at 4°C. The clarified lysate was incubated with Ni-NTA resin at a ratio of 15:1 for 1 h on an inverting rotor at 4°C. Following the binding step, the resin was washed three times for 5 min each time with wash buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 20% (v/v) glycerol, 30 mM imidazole, 0.05% (v/v) Tween 20, 0.05% (v/v) ␤-mercaptoethanol) on an inverting rotor at 4°C. Purified enzyme was eluted using elution buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 20% (v/v) glycerol, 300 mM imidazole, 0.05% (v/v) Tween 20, 0.05% ␤-mercaptoethanol) on an inverting rotor at 4°C for 10 min and either used fresh for the experiments or flash-frozen with liquid nitrogen and stored at Ϫ80°C.
Model membrane preparation
Lipids stock solutions were prepared from powder in chloroform/methanol (2:1) (v/v). The concentration of the phospholipids was determined by measuring the amount of P i released after digestion by the method of Ames (63) . Lipids at the desired molar ratio were deposited as a film on the wall of a glass test tube by solvent evaporation under a nitrogen flux. Final traces of solvent were removed for 2-3 h in a vacuum chamber attached to a liquid nitrogen trap. The lipid films were then suspended in liposome buffer (10 mM HEPES, 100 mM NaCl, pH 7.2) or 4ϫ mixed micelle buffer (200 mM MOPS, 400 mM NaCl, 20 mM MgCl 2 , 4 mM EGTA, 1 mM DTT, 60 mM Triton X-100, pH 7.2) by vortexing at room temperature to form MLVs or mixed micelles, respectively. LUVs were prepared by pro-cessing MLVs with 10 passages through two stacked polycarbonate membranes (100-or 200-nm pore size; Nucleopore Filtration Products, Pleasanton, CA) in a barrel extruder (Lipex Biomembranes). Small unilamellar vesicles were prepared by sonicating MLVs in a Cole-Palmer bath type ultrasonic cleaner, model 08849-00, until a clear solution was obtained. Model membranes were used for experimentation right after preparation. The lipid compositions of ER and PM model membranes were, respectively, POPC/POPE/liver PI/POPS/cholesterol/DAG (40:22:12:4:12:10; mol %) and POPC/POPE/liver PI/POPS/ SM/cholesterol/DAG (18:11:1:3:12:45:10; mol %).
DLS
The hydrodynamic size of the model membranes was determined by DLS measurements using a Zetasizer Nano S system (Malvern Panalytical, Malvern, UK). The measurements were done at 20°C.
Kinase activity assays
Activity assays were performed using methods described previously (62) . Briefly, the reaction mixture containing 50 l of 20 mM model membranes, 50 l of assay buffer (50 mM HEPES, 300 mM NaCl, 20 mM MgCl 2 , 4 mM EGTA, pH 7.2) or ddH 2 O (for mixed micelles), 20 l of 10 mM dithiothreitol, and 35 l of ddH 2 O were added to a silanilized glass tube. Then 25 l of purified DGK⑀ was added to the reaction mixture and incubated for 10 min at 20°C. The reaction was started by adding 20 l of 5 mM ATP in the presence of trace amounts of [␥-32 P]ATP (50 Ci ml Ϫ1 ). All reactions were performed using a 10-min end point at 20°C, after which the reaction was quenched with 2 ml of stop solution (1:1 (v/v) chloroform/methanol, 0.25 mg ml Ϫ1 dihexadecylphosphate). The organic phase was washed three times with 2 ml of wash solution (7:1 ddH 2 O/CH 3 OH, 1% HClO 4 , 100 mM H 3 PO 4 ). The radioactivity of the organic-soluble phase was measured using a liquid scintillation counter (Beckman Coulter). All experiments were conducted within the linear range of enzyme activity in regard to its amount and incubation time (not shown).
Enzyme specific activity was calculated using Equation 1,
where R, B, and P are the raw counts of the sample, background, and positive control, respectively. n ATP is the mol of ATP used on the reaction mixture, f org is the volume fraction of organic phase used to measure the radioactivity, t is the time of reaction, and m DGK⑀ is the mass of DGK⑀ in the reaction mixture.
To obtain the kinetic parameters K m and V max , the data set was fitted using Equation 2,
where V max , [S], and K m are, respectively, the maximum reaction rate, substrate mol %, and the K m .
Membrane sites of high Gaussian curvature regulate DGK⑀
Binding assay
The fraction of liposome-bound DGK⑀ was quantified by an ultracentrifugation assay. Briefly, DGK⑀ and MLVs of the desired lipid composition were incubated for 10 min at 20°C in the same reaction mixture as per the activity assay but without the addition of ATP. A small aliquot (100 l) of the mixture was saved as the input (or total amount of protein), and the unbound enzyme was removed by ultracentrifugation (100,000 ϫ g for 1 h at 20°C). Pellets were resuspended in assay buffer. The fraction of proteins bound to liposomes was analyzed by immunoblotting as the ratio between pellet and input.
Immunoblotting
Western blots were conducted to quantify purified enzyme for the calculation of its specific activity and binding to liposomes. To ensure the quantification was performed within the dynamic range of the assay, first a serial dilution of purified enzyme was conducted, and, when needed, a dilution of the sample was conducted before quantification. Briefly, samples were separated in 7.5% hand-cast polyacrylamide gels and transferred to polyvinylidene difluoride membranes (0.2 m; Bio-Rad). Immunoblotting was performed with a mouse anti-His tag antibody (Abcam). Secondary antibodies coupled to horseradish peroxidase were used to detect the bands using a homemade ECL reagent. Densitometric analysis of the bands was performed using ImageJ. For the quantification of the enzyme for the calculation of specific activity, a purified Histagged protein (DAHP synthase) of known concentration was used as a standard.
P NMR
The 31 P NMR spectra, from a 65 mM concentration of the desired lipid mixture or a 33 mM concentration of lipids in the presence of DGK⑀ in 10 mM HEPES, 100 mM NaCl, pH 7.2, were obtained using a Bruker AVIII 700-MHz spectrometer equipped with a 5 mm QNP cryoprobe over 17-kHz sweep width in 32,768 data points. The sample was contained in a 5-mm diameter Shigemi NMR tube (Shigemi Co., Tokyo, Japan). Block decay spectra were acquired using a 30°pulse, inverse gated proton decoupling, and 2-s total recycle time. Unless otherwise indicated, all NMR spectra were recorded at a 25°C sample temperature. The spectra were generated by Fourier transform of the first 1024 free induction decay data points and zero-filled to 8192 points.
X-ray diffraction
Small-angle X-ray diffraction measurements were conducted according to previously published procedures (64) . Briefly, 65 mM lipid (DOPC/DOPE/SAG, 30:60:10; mol %) was prepared as MLVs in 10 mM HEPES, 100 mM NaCl, pH 7.2, heated at 70°C for 10 min, gently centrifuged into a single pellet, which was applied on a silicon wafer. The chip was annealed for 1 day at 38°C and 100% relative humidity and measured in a chamber at 30°C and 97% relative humidity. X-ray scattering data were acquired using the Biological Large Angle Diffraction Experiment (BLADE), a CuK␣ Rigaku Smartlab rotating anode at 1.5418-Å wavelength using 9 kilowatts (45 kV, 200 mA) and a HyPix-3000 hybrid pixel array detector.
To calculate the radius of the water channels in the Pn3m cubic phase, we used the equation described by Tyler et al. (65) ,
where r W , a, and l are radius of the water channel, the lattice parameter, and the monolayer thickness (here assumed to be 19 Å according to Ding et al. (33) ), respectively.
Statistical analysis
A two-tailed t test was used for all of the statistical analysis in this work.
